Cdc7 is an essential kinase required for the initiation of eukaryotic DNA replication. Previous studies in many species showed that the minichromosome maintenance complex is a major physiological target of this kinase. In this study, we have mapped the sites in human Mcm2 protein that are phosphorylated by Cdc7. The in vitro phosphorylation of several Mcm2 truncated proteins and peptides revealed that Mcm2 contains two major ( 5 S and 53 S) and at least three minor phosphorylation sites ( 4 S, 7 S, and 59 T) located at the N-terminal region. Alanine substitution experiments with Mcm2 peptides showed that the phosphorylation of 5 S and 53 S by Cdc7 required the presence of an acidic amino acid adjacent to a serine residue. Furthermore, although Cdc7 was unable to phosphorylate a Mcm2 peptide (spanning amino acids 19 -30 and containing 26 S and 27 S), it phosphorylated 26 S efficiently when this peptide contained a chemically synthesized phospho-27 S modification. Hence, additional Cdc7 phosphorylation sites could be generated in Mcm2 by its prior phosphorylation by a cyclin-dependent kinase. This finding may explain why the sequential action of cyclindependent and Cdc7 kinases is essential for the initiation of DNA replication.
Cdc7 is an essential kinase required for the initiation of eukaryotic DNA replication. Previous studies in many species showed that the minichromosome maintenance complex is a major physiological target of this kinase. In this study, we have mapped the sites in human Mcm2 protein that are phosphorylated by Cdc7. The in vitro phosphorylation of several Mcm2 truncated proteins and peptides revealed that Mcm2 contains two major ( 5 S and 53 S) and at least three minor phosphorylation sites ( 4 S, 7 S, and 59 T) located at the N-terminal region. Alanine substitution experiments with Mcm2 peptides showed that the phosphorylation of 5 S and 53 S by Cdc7 required the presence of an acidic amino acid adjacent to a serine residue. Furthermore, although Cdc7 was unable to phosphorylate a Mcm2 peptide (spanning amino acids 19 -30 and containing 26 S and 27 S), it phosphorylated 26 S efficiently when this peptide contained a chemically synthesized phospho-27 S modification. Hence, additional Cdc7 phosphorylation sites could be generated in Mcm2 by its prior phosphorylation by a cyclin-dependent kinase. This finding may explain why the sequential action of cyclindependent and Cdc7 kinases is essential for the initiation of DNA replication.
replication ͉ prereplicative complex ͉ origin activation C dc7 plays an essential role in the initiation of eukaryotic DNA replication (1) (2) (3) . Cdc7 encodes a serine͞threonine kinase that is highly conserved from yeast to human (4) . The activity of this kinase fluctuates during the cell cycle and depends completely on the regulatory subunit, Dbf4. Dbf4 accumulates during the S and G 2 phases of the cell cycle and is degraded rapidly during the G 1 phase by the anaphase promoting complex (5, 6) . In Saccharomyces cerevisiae, Dbf4 binds to chromatin at the G 1 ͞S transition and remains on chromatin during the S phase (7) . In the Xenopus egg extract cell-free system, Cdc7 was found to bind to chromatin during S phase, and this association required the minichromosome maintenance (MCM) complex (8) .
Both genetic and biochemical studies in S. cerevisiae indicate that Cdc7 kinase activity is required throughout S phase to activate replication origins on chromosomes (9) . Cdc7 kinase acts directly on individual replication origins, presumably by phosphorylating components of the prereplicative complex (pre-RC), which may lead to the remodeling of the pre-RC for the unwinding of replication origins and subsequent recruitment of the replication fork machinery. Although the mechanism-oforigin activation by Cdc7 kinase remains unclear, the MCM complex appears to be the primary physiological target of this kinase activity (2) .
The MCM complex is composed of six distinct subunits (Mcm2, Mcm3, Mcm4, Mcm5, Mcm6, and Mcm7), which are all related structurally and highly conserved in eukaryotes (10) . All six proteins are essential for the initiation of DNA replication and contain sequence motifs required for DNA helicase activity. In keeping with this notion, the MCM subcomplex containing Mcm4, Mcm6, and Mcm7 possesses DNA helicase activity in vitro, although the six-subunit complex is devoid of this activity (11) (12) (13) , suggesting that additional factors are required to activate the helicase of the complete complex. The MCM complex containing all six subunits is a component of the pre-RC. The location of this complex shifts from origin regions to distal regions during S phase (14) . Furthermore, studies with mcm degron mutants showed that all of the Mcm proteins are also required for the progression of the replication fork (15) . These results suggest that the MCM complex is likely to be the replicative helicase required for both initiation and elongation stages in DNA replication.
Because the unwinding of replication origins is a major consequence of origin activation by S phase-promoting kinases, the MCM complex is an attractive cellular target of the Cdc7 kinase. The Mcm proteins interact genetically and physically with Cdc7 and are good substrates of this kinase in vitro and in vivo (16-18). The Schizosaccharomyces pombe MCM complex containing all six subunits is also phosphorylated efficiently by this kinase in the presence of Mcm10 in vitro (19) . Cells containing a mutant allele of MCM5, bob1, can bypass the requirements for Cdc7 and Dbf4 in S. cerevisiae (20) . These results strongly suggest that the MCM complex is the physiological target of Cdc7 kinase for DNA replication. However, studies on the cellular role of Cdc7 kinase and its phosphorylated products are limited, partly because there is no information about the substrate sites phosphorylated by this kinase.
To define the substrate specificity of Cdc7 kinase, we have identified the sites phosphorylated in the human Mcm2 protein and the sequence required to support this reaction. By using various Mcm2 peptides, we detected several serine residues located at the N terminus of Mcm2 that were phosphorylated by this kinase. Based on the sequences at these sites and alanine substitutions within these regions, glutamic acid adjacent to a serine residue was identified as a minimal requirement that supports Cdc7 kinase activity. The substrate specificity reported in this study should aid in the identification of new cellular targets of Cdc7 kinase, as well as contribute to a better definition of the physiological role of this kinase.
Results

Cdc7 Kinase Phsophorylates the N Terminus of Human Mcm 2 Proteins.
Previous studies showed that human Cdc7 kinase phosphorylated the mouse Mcm2 protein efficiently, and that the Nterminal region of Ϸ62 aa contained major phosphorylation sites (21) . Because the sequence of mouse Mcm2 is 95% identical to the human protein, we considered it likely that the N terminus of the human Mcm2 protein contained the major Cdc7-mediated phosphorylation sites. To confirm this, truncated human Mcm2 proteins (hM2-N1, amino acids 1-70; hM2-N2, amino acids 98-180; hM2-C, amino acids 175-904) were prepared as GSTfusion proteins, and their phosphorylation by the Cdc7 kinase was examined. To ensure that no other eukaryotic protein kinase contributed to the phosphorylation of the Mcm2 proteins or peptides, both the human Cdc7-Dbf4 kinase complex and Mcm2 protein were purified by using Escherichia coli expression systems. As shown in Fig. 1 , lanes 8 and 9, the N-terminal region of human Mcm2 protein (amino acids 1-70, hM2-N1) was phosphorylated significantly by Cdc7 kinase, whereas the protein fragment containing amino acids 98-190 (hM2-N2, lanes 11 and 12) was only weakly phosphorylated. No detectable phosphorylation was observed with hM2-C (lanes 4 and 5), which contained amino acids 175-904. These results suggest that the major sites phosphorylated in human Mcm2 are located at the N terminus within amino acids 1-70. It should be noted that substantial autophosphorylation of the Cdc7-Dbf4 complex occurred as reported (16, 22) .
Because the short N-terminal region of Mcm2 (amino acids 1-70) contains multiple serine (S) and threonine (T) residues, we divided this region into several GST-fused oligopeptides and examined their phosphorylation ( Fig. 2A) . Although the level of phosphorylation of the peptides was low (varying between 1% and 0.1%) compared to that observed with full-length Mcm2 protein (Fig. 2B, lane 15) , N-terminal peptides containing amino acids 1-17 (M2A) and 48 -58 (M2E) were phosphorylated significantly by Cdc7 kinase (Fig. 2B , lanes 2, 3 and 10, 11, respectively). The M2F peptide (amino acids 54 -64) was only weakly phosphorylated by the kinase (Fig. 2B, lanes 12 and 13) , whereas all other peptides (M2B, M2C, and M2D) were not phosphorylated. These results suggest that peptides M2A and M2E included significant phosphorylation sites, whereas peptide M2F contained minor phosphorylation sites. Because peptides M2E and M2F each include only one residue that could be phosphorylated, 53 S appears to be a major phosphorylation site in Mcm2 protein, whereas 59 T appears to be a minor phosphorylation site. Because peptide M2A was phosphorylated most effectively by Cdc7 kinase, it is likely that this peptide contains either the most efficient Cdc7 phosphorylation site or multiple phosphorylation sites. To determine the sites phosphorylated among the six serine and one threonine residues present in this peptide, alanine-substituted peptides were prepared and examined as substrates (Fig. 3) . Only a low level of phosphorylation was observed with the peptide containing alanine residues in place of all three serine residues, 4 S, 5 S, and 7 S (Fig.  3B , lanes 9 and 10), suggesting that the phosphorylation sites in this peptide resided in 4 S, 5 S, or 7 S. The replacement of individual amino acid residue, 4 S, 5 S, or 7 S with alanine (peptide AЈmt1, AЈmt2, or AЈmt3, respectively) reduced phosphorylation of the peptides to a level Ϸ85%, 56%, or 67% of that observed with the unsubstituted hM2AЈ peptide (Fig. 3B , lanes [3] [4] [5] [6] [7] [8] . The peptide containing serine only at position 5 S (AЈmt8) was phosphorylated relatively well (Ϸ37% compared to the wild-type protein; Fig. 3C , lanes 5 and 6), whereas the peptide containing serine only at position 4 S (AЈmt5) showed only limited phosphorylation (Ϸ16% compared to the wildtype peptide). These results suggested that 5 S is a major phosphorylation site in this peptide, and both 4 S and 7 S are also phosphorylated, although the levels of phosphorylation are relatively low. Taken together, there are two major ( 5 S and 53 S) and three minor phosphorylation sites ( 4 S, 7 S, and 59 T) located at the N terminus of the Mcm2 protein.
To confirm these phosphorylation sites, full-length Mcm2 proteins containing alanine substitutions of some of the phosphorylation sites were isolated. As shown in Fig. 4 , substitution of 5 S and 53 S with alanine residues markedly reduced phosphorylation of the mutated Mcm2 protein (lanes 4-6) compared with that observed with the wild-type protein (lanes 1-3) . The additional replacement of 4 S with alanine, which yielded the Mcm2 mutant protein containing alanines in place of 4 S, 5 S, and 53 S, further reduced the phosphorylation of this protein marginally (lanes 7-9). These findings are in good agreement with our previous mapping results, suggesting that the major sites in Mcm2 phosphorylated by Cdc7 kinase are located at positions 5 S and 53 S, whereas 4 S is only a minor site.
The Presence of an Acidic Amino Acid Adjacent to a Serine Residue Is
Essential for Cdc7 Kinase Activity. Comparison of the amino acid sequence surrounding all phosphorylation sites revealed the presence of an acidic amino acid adjacent to either a serine or threonine residue in each case. This relationship was also noted in other studies carried out on the phosphorylation of Mcm2 by Cdc7 kinase with proteins isolated from S. pombe (W.-H.C. and J.-K.L., unpublished observation). To examine whether the presence of acidic amino acid adjacent to a serine residue influenced Cdc7 kinase activity, various alanine-substituted M2A peptides were prepared. Replacement of glutamic acid (E) with alanine at position 3 of the M2A peptide ( 3 E) or at position 6 E significantly reduced the phosphorylation of the peptides (Fig. 3C, lanes 7-10) , suggesting that the presence of a glutamic acid adjacent to a phosphorylation site stimulated Cdc7 kinase activity. Because the M2A peptide contains three phosphorylation sites at positions 4, 5, and 7, the influence of glutamic acid on the phosphorylation of each of these sites would be difficult to evaluate. Therefore, we prepared alanine-substituted peptides of the M2E region (residues 48-58 in Fig. 2 A) , which contained only one internal serine ( 53 S) surrounded by a number of glutamic acid residues and examined their phosphorylation by Cdc7 kinase. Alanine replacement of individual amino acids other than glutamic acid residues did not significantly reduce the level of phosphorylation of the substituted peptides. On the other hand, alanine substitution of the glutamic acid residues ( 52 E or 54 E) adjacent to 53 S reduced phosphorylation to levels observed with the peptide in which 53 S was changed to alanine (data not presented). These results indicate that glutamic acid adjacent to a serine residue is critical for the phosphorylation of the peptide.
Although amino acids other than glutamic acid did not appear to be critical for the phosphorylation by Cdc7 kinase, in some cases, their replacement with alanine increased the level of peptide phosphorylation (data not presented). To reduce such effects, they were converted to alanine in peptide Mcm2E (Fig. 5A, hM2EЈ) . This change permitted a more specific examination of the sequence bordering the serine residue required to support its phosphorylation. As shown in Fig. 5B , substitution of alanine for the glutamic acid residue following 53 S (lanes 9 and 10), or the movement of the glutamic acid from residues 54 to 55 (lanes 3 and 4) , reduced the phosphorylation of the peptide substantially. On the other hand, replacement of the glutamic acid residue before 53 S with alanine (Fig. 5B, lanes 7 and 8) or the movement of glutamic acid from residues 52 to 51 (Fig. 5B, lanes 5 and 6) did not significantly affect phosphorylation. These results indicate that the presence of a serine residue followed by glutamic acid is a minimal requirement for Cdc7 phosphorylation.
We also noted that the replacement of 52 E with 52 D did not influence the phosphorylation reaction (Fig. 5C, lanes 5 and 6) . However, changing 54 E to 54 D significantly reduced phosphorylation (lanes 7 and 8), and alterations of both 52 E and 54 E to 52 D and 54 D partially restored phosphorylation (Fig. 5C, lanes 9 and GST-tagged Mcm2 N-terminal peptides (3 g, 90 pmol) were incubated with Cdc7 kinase (ϩ, 5 ng; ϩϩ, 15 ng) at 30°C for 15 min. The mixtures were subjected to SDS͞PAGE followed by staining with Coomassie blue and autoradiography. Fig. 4 . The 5 S and 53 S residues of Mcm2 protein are major phosphorylation sites. The full-length and alanine-substituted Mcm2 proteins, as indicated, were expressed and purified by using the E. coli expression system. Mcm2 proteins (0.15 g, 1.5 pmol) were incubated with indicated amounts of Cdc7 kinase at 30°C for 15 min. The mixtures were then subjected to SDS͞PAGE followed by staining with Coomassie blue and autoradiography. The symbol -at the bottom of the autoradiogram denotes the incorporation of Ͻ1 fmol. 10). These findings suggest that glutamic acid appears to be the most effective acidic amino acid for phosphorylation, although aspartic acid can also support phosphorylation. Replacement of serine with threonine was also tested; as shown in Fig. 5C , lanes 3 and 4, phosphorylation of this peptide was reduced substantially by this change.
Generation of Additional Cdc7 Phosphorylation Sites by the Action of
Cyclin-Dependent Kinase (CDK). The above findings suggest that the presence of an acidic amino acid adjacent to a serine residue is essential for Cdc7 kinase activity. As shown in Fig. 2 A, . If the presence of a negatively charged amino acid adjacent to the site phosphorylated were important for Cdc7 kinase activity, phosphorylation of a serine or threonine residue in these repeats could produce additional sites for Cdc7 kinase activity. Indeed, many of the serine residues within these repeats contained putative Cdc7 as well as CDK phosphorylation sites. Two such sites, particularly those around serine residues 27 S and 41 S, match the consensus sequences (S͞T-P-X-K͞R) required for CDK phosphorylation and were identified as residues phosphorylated by CycA-CDK2 (23) . In support of this notion, the prior in vitro phosphorylation of Mcm2 with CycE-CDK2 followed by addition of the Cdk inhibitor p27 increased the phosphorylation of Mcm2 by Cdc7Ϸ1.6-to 2-fold (data not presented), suggesting that the phosphorylation of Mcm2 by CycE-CDK2 might generate additional Cdc7 phosphorylation sites. More definitive evidence for this was obtained by examining the phosphorylation of the hM2B peptides containing either a serine or a phosphorylated serine residue at the CDK phosphorylation site, 27 S (hM2B or 27 pS-hM2B in Fig. 6A ). In the presence of large amounts of peptide (5 g, 3.8 nmol), the derivative containing phosphoserine was phosphorylated much more efficiently by Cdc7 kinase (Fig. 6B, lanes 7-9) than the peptide with serine moiety (lanes 2-4) . These results suggest that the presence of a phosphorylated serine residue can play the same role as an acidic amino acid in supporting phosphorylation by Cdc7 kinase.
Discussion
In this report, both the phosphorylation sites in Mcm2 and the amino acid sequence required for Cdc7 kinase activity were determined. In vitro phosphorylation of both truncated Mcm2 proteins and alanine-substituted Mcm2 peptides revealed two major ( 5 S and 53 S) and three minor ( 4 S, 7 S, and 59 T) phosphorylation sites located at the N terminus of Mcm2. Recently, the sites in Mcm2 phosphorylated in vitro by Cdc7 kinase were mapped by mass spectrometry (23) . This study, which used the N-terminal region (amino acids 10-294) of Mcm2, identified two sites, located at 40 S and 53 S. Because amino acid residues 1-9 were omitted, the three phosphorylation sites reported here ( 4 S, 5 S, and 7 S) were not identified. Although both the previous and our studies identified 53 S as a major phosphorylation site, we did not detect 40 S (which is located next to 41 S) as a major Cdc7 phosphorylation site. In our work, the phosphorylation of 40 S by Cdc7 kinase was observed only in peptides after the downstream 41 S was phosphorylated by CDK (data not presented). In the experiments carried out by Montagnoli et al. (23) , Cdc7 kinase was isolated from baculovirus infected insect cells, whereas our kinase was isolated by using an E. coli expression system. We suggest that the Cdc7 kinase preparation used by Montagnoli et al. (23) may have included trace levels of CDK, which could account for the differences noted above.
All major and minor phosphorylation sites found in human Mcm2 contained an acidic amino acid adjacent to the phosphorylated serine residue, and similar results were obtained with the The two hM2B oligopeptides were synthesized chemically (Peptron). These oligopeptides (5 g, 3.8 nmol) were incubated with the indicated levels of Cdc7 kinase at 30°C for 20 min. Reaction mixtures were then subjected to 18% Tricine-SDS͞PAGE followed by autoradiography. The symbol -, located at the bottom of the autoradiogram, indicates that incorporation was Ͻ0.1 pmol.
S. pombe
. From studies with a number of alanine-substituted peptides, we noted that an acidic amino acid adjacent to a serine residue is essential for the Cdc7 phosphorylation. Furthermore, the presence of an acidic amino acid downstream of the serine phosphorylated was more important than an upstream acidic residue (Fig. 5) . Serine rather than a threonine appears to be a more-preferred phosphorylation target, a result consistent with previous observations that phosphoserine is the major Cdc7 kinase phosphorylation product found with Mcm2 (3).
The amino acid sequence required for Cdc7 phosphorylation is similar in many ways to that observed for casein kinase II (CK2). CK2 is an essential kinase required for cell viability that plays many roles in tRNA and rRNA synthesis, apoptosis, cell survival, and transformation. To date, Ͼ300 proteins are known substrates of this kinase. CK2 phosphorylation sites contain multiple acidic residues that surround the site phosphorylated (24) . Although the presence of an acidic amino acid at the third position (n ϩ 3) downstream of the amino acid phosphorylated is critical for CK2 phosphorylation (minimal consensus sequence of S͞T-x-x-E͞D͞pS), an acidic amino acid located at position n ϩ 1 is also important, and phosphorylation of serine is preferred over threonine. The presence of a phosphorylated serine residue (in place of E͞D) downstream of the amino acid phosphorylated also supports CK2 activity, analogous to the results described here with Cdc7 kinase. The similar substrate specificity of these two kinases might be because of their structural similarities. Indeed, the catalytic subunit of human Cdc7 kinase and the catalytic ␣Ј subunit of CK2 show 30.2% sequence identity and 46.6% similarity. A major difference in the substrate specificity of these two kinases is the location of the critical acidic amino acid, which is positioned n ϩ 1 and n ϩ 3 (from their target sites) for Cdc7 and CK2, respectively. Our findings, however, were obtained from studies with only a few phosphorylation sites in the Mcm2 protein, and for that reason, we cannot rule out the possibility that the sequence requirements for other substrates might differ. Analyses of additional phosphorylation sites in multiple proteins will be required to define a more reliable consensus sequence for Cdc7.
We also noted that additional Cdc7 kinase phosphorylation sites were generated after phosphorylation of Mcm2 by CDK. Although it was reported previously that in vitro CDK stimulated the phosphorylation of Mcm2 by Cdc7 kinase (16), the mechanism contributing to this effect was not defined. Our findings suggest that a phosphorylated serine residue located downstream of a serine mimics an acidic amino acid and support the phosphorylation by Cdc7 kinase (Fig. 6 ). The N terminus of Mcm2 protein contains consecutive serine or threonine residues that can be phosphorylated by CDK. Therefore, phosphorylation of Mcm2 by CDK generates at least two additional phosphorylation sites ( 26 S and 40 S) for Cdc7 kinase. Previous in vivo studies in S. cerevisiae also suggested that the sequential action of CDK and Cdc7 kinase is essential for the initiation of DNA replication (25) . During S phase, Cdc7 kinase supports DNA replication only after CDK activation. Although there are many possible reasons why the sequential action of CDK and Cdc7 is required for the initiation of DNA replication, the generation of additional Cdc7 phosphorylation sites might contribute importantly to this temporal order.
All of the phosphorylation sites mapped in Mcm2 protein are located within the N-terminal 60 amino acids. These include two major Cdc7 phosphorylation sites ( 5 S and 53 S), three minor phosphorylation sites ( 4 S, 7 S, and 59 T), and at least two additional phosphorylation sites that can be generated by CDK phosphorylation ( 26 S and 40 S). Based on studies with the mouse Mcm2 protein, the N-terminal region of Mcm2 contains a histone H3-binding domain as well as nuclear localization signals. However, deletion of the N-terminal 62-aa region had no effect on either the nuclear localization or histone-binding activity of mouse Mcm2. N-terminal-deleted Mcm2 protein can also form a complex with Mcm4͞6͞7 and inhibit its DNA helicase activity, suggesting that the N-terminal region of Mcm2 with its Cdc7 phosphorylation sites is dispensable for its inclusion in the MCM complex and nuclear localization (21) . These results are consistent with the fact that Cdc7 activity is required at later stages of the initiation reaction after pre-RC assembly. It would be of interest to examine whether phosphorylation of the MCM complex affects its interactions with other initiation proteins, including Cdc45. Because the N-terminal region of Mcm2 is not required for the formation of the MCM complex, this portion of the protein may be exposed and located on the outside of the complex. For this reason, conformational changes caused by Cdc7 phosphorylation may affect the interactions between the MCM complex and other components of the pre-RC, the Sed 5 , Psf 1 , Psf 2 , and Psf 3 (GINS) complex, or Cdc45. Although the importance of Cdc7 kinase is well established, studies on its cellular role and the consequences of its phosphorylation of target protein are limited, partly because of the lack of information about its phosphorylation sites in target protein. Cdc7 kinase also influences other cellular transactions, including checkpoint control and mutagenesis. Thus, it is reasonable to assume there are multiple in vivo targets of Cdc7 kinase. Although these substrates may depend on their interactions with the regulatory subunit, Dbf4, the results presented here, augmented with more information about Cdc7 kinase phosphorylation sites, should help to identify new cellular targets of this kinase and its physiological role.
Materials and Methods
Preparation of Cdc7 Kinase. Human Cdc7 and Dbf4 proteins were expressed and purified from E. coli cells. The cDNAs encoding full-length Cdc7 and Dbf4 proteins were obtained by PCR and subcloned into pET30a plasmids (Novagen) under the influence of a T7 promoter. A myc epitope tag was added to the N terminus of Cdc7, and a 6-histidine (His)-tag was added at the N terminus of Dbf4 to aid in their detection and purification. For the coexpression of these two proteins, the DNA fragment including the Dbf4 gene from the ribosome-binding site to the stop codon in pET30a-Dbf4 was subcloned into the downstream region of the Cdc7 gene in the pET30a-Cdc7 plasmid. After expression of both proteins in BL21(DE3) codon plus (Stratagene) cells, the 6-Histagged protein was purified by Ni-NTA (Qiagen) column chromatography by using the manufacturer's protocol, except that buffer T (20 mM Tris⅐HCl, pH 7.5͞0.05% Nonidet P-40͞10% glycerol) containing 0.3 M NaCl and 15-150 mM imidazole was used during the purification. The eluted fractions were diluted with buffer T to 0.1 M NaCl, loaded onto a 1-ml HiTrap Q column (Amersham Pharmacia) and eluted with a 15-ml linear gradient from 0.1 to 0.5 M NaCl in buffer T. Fractions containing the Cdc7-Dbf4 complex, peaking at 0.3 M NaCl, were pooled and used in this study. This procedure typically yielded Ϸ150 g of protein from 1.5 liters of culture.
Preparation of Mcm2
Proteins and Peptides. For the preparation of various full-length human Mcm2 proteins, cDNA fragments encoding either the wild-type or mutated Mcm2 protein were cloned into the pET28a (Novagen) plasmid, and the C-terminal 6-His-tagged proteins were purified by Ni-NTA chromatography followed by HiTrap Q column chromatography. GST-fusion systems were used for the preparation of truncated Mcm proteins and small peptides. Various cDNA fragments encoding truncated human Mcm2 or peptides were cloned into the pGEX5X-1 plasmid as GST-fusion proteins. After expression in BL21(DE3) pLysS cells, GST-fusion proteins were purified by glutathione Sepharose 4B column chromatography by
